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ABSTRACT 
Photosystem II (PSII) research has gained interest in recent years due to the need for   energy 
production. However the mechanisms of photosystem II photoassembly and water oxidation are 
not well understood. Therefore the main goal of my research was to understand photoassembly 
better by determining the pH dependence of oxygen evolving complex (OEC) assembly. These 
experiments could help to gain a better understanding of D1 (a subunit of photosystem II) 
degradation and PSII repair as well as determine the amino acid residues involved in the process. 
However, we had several issues with photoassembly along the way that had to be addressed in 
order to perform this experiment. Therefore, we first had to optimize the process for depleting 
the cofactors from PSII (known as apo-BBY (PSII enriched particles) preparation) and 
photoassembly of PSII. This process took up most of my time in the lab so the pH dependence 
experiment was not fully completed and conclusions cannot be made based on the data we got. A 
side project included in this research, due to the issues we had, was to understand the 
temperature dependence of water oxidation. These experiments revealed that calcium chloride 
can increase the rate of oxygen evolution when a redox mediator is absent and also the maximum 
activity for chloroplasts is found at a higher temperature than for isolated PSII.  A second side 
project was to study non-conventional redox mediators in order to enhance the rate of oxygen-
evolution. The results showed a decrease in oxygen evolution with carbon nanotubes and gold 
nanoparticles. The combined data from all the experiments we performed will lead to a better 
understanding of photosystem II as well as lead to better ways of studying photosystem II. 
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CHAPTER 1  
Introduction   
Photosynthesis and Photosystem II  
 Photosynthesis is the process by which a plant can convert light energy into chemical 
energy (                                                          ). In this process, the plant uses carbon dioxide and 
water to make glucose and oxygen. The glucose is then stored as chemical energy and used by 
the plant to carry out cellular biochemical reactions. In plants, the photosynthesis reaction is 
chlorophyll based, but in bacteria photosynthesis is rhodopsin based and occurs by cis-trans 
isomerization coupled with ion transport instead of electron transfer.
1
  However, the focus here 
will be on chlorophyll based photosynthesis because our research uses spinach for the model 
organism. Due to the fact that the chlorophyll pigments are located in the chloroplasts of the 
plant cell, the photosynthesis reaction occurs in the chloroplasts as shown in Figure 1.  Figure 2 
shows a detailed view of the chloroplast which is about the size of a bacterium. Evidence even 
suggests that chloroplasts originated from symbiotic bacteria through endosymbiosis which 
could explain why the size is similar.
1
 
 Photosynthesis is initiated by a multisubunit protein complex known as photosystem II 
(PSII), which is located within the closely stacked grana thylakiod membranes of plants, algae, 
and cyanobacteria, as shown in Figure 2. PSII can be divided into two components: the electron 
transfer domain and the oxygen-evolving complex (OEC) (also known as the Mn cluster).
2
 The 
PSII protein complex is activated by light and initiates the oxidation of water in the OEC. This 
reaction, 2H2O → O2 + 4H
+ 
+4e
-
, is known as the water splitting reaction (or water oxidation) 
and produces dioxygen. This dioxygen is the source of atmospheric oxygen that multicellular 
organisms depend on for survival. PSII is the only biological system that is capable of oxidizing 
261262 2 6OOHC
light
O6H6CO  
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water to molecular oxygen; therefore, the water splitting reaction has been researched 
extensively. 
3 
 
Figure 1: The structure of a plant cell showing the chloroplast, circled in red, which is where 
photosynthesis occurs. 
4
 
 
Figure 2: A closer view of the structure of a chloroplast, showing the thylakoids, which is where 
PSII is located.
4 
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 The reaction center, or core, of PSII, shown in Figure 3, is where the light energy is 
converted into electrochemical potential energy and where the water-splitting reaction occurs. 
The center of PSII is dimeric and contains several protein subunits and cofactors.  
D1 and D2 which are intrinsic, or membrane bound, protein subunits of PSII, help water 
oxidation to occur by supplying protein-derived ligands to the OEC and also facilitating charge 
separation by binding other cofactors. In fact the Fe
2+
 cofactor helps to hold D1 and D2 together.  
In addition, PSII also contains two main chlorophyll containing proteins associated with D1 and 
D2, known as chlorophyll protein 43 (CP43) and chlorophyll protein 47(CP47) (the numbers 
refer to their masses), which are light harvesting proteins.
1,3
 CP43 and CP47 however are not the 
only chlorophyll proteins they are just some of the more important chlorophyll proteins involved 
in PSII due to the fact that they help bind other chlorophyll proteins. PS II also contains a protein 
known as cytochrome b 559 (559 is the absorbance maximum) that contains a covalently bound 
b type heme group and protects against photo-damage.
 3
 
  Other intrinsic proteins within PSII, (the low molecular mass protein subunits psbH-
psbZ)  help to stabilize the chlorophyll binding proteins and maintain the dimerization.
3
 The 
extrinsic proteins (23, 33, 17 kDa subunits) are located on the luminal surface of the complex. 
The function of these extrinsic proteins is to protect against external reductants from entering the 
OEC so that photoassembly and water oxidation can occur. If reducing agents entered the OEC 
after oxidation occurred; it could cause the Mn to become reduced and reverse the S-state cycle- 
this will be discussed later in this paper. Furthermore, removal of the 33 kDa peripheral 
membrane protein, along with the 23 and 17 kDa peripheral proteins destabilizes the OEC and 
inhibits oxygen evolution.
2,3
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 The cofactors of PSII, which include P680, pheophytin, plastoquinone, plastoquinol, the 
OEC, the chlorophyll molecules, and the Fe
2+, 
are necessary in order for PSII to function. When 
light interacts with PSII the chlorophyll a, C55H72N4O5Mg (chl a) molecules capture the photons 
and transfer them via excitons to the ground state of P680 which forms an excited state known as 
P680*. The photochemistry of the reaction center occurs only one electron at a time in sequent 
reactions. P680*is highly reducing, so it quickly donates an electron to an accessory chlorophyll 
which then passes the electron to the next electron acceptor, pheophytin. The loss of an electron 
causes P680* to become P680
+
, which has a high redox potential of 1.2 V, which is required to 
drive the water-splitting reaction. P680
+
 then oxidizes the tyrosine, forming an unstable tyrosine 
radical, which in turn oxidizes the OEC, in a process known as electron hole transfer, and this 
occurs four times. After the OEC is oxidized an electron is transferred from pheophytin to the 
electron carrier plastoquinone bound in the    site in the D1 protein subunit. The plastoquinone 
is then protonated to plastoquinol PQH2 and leaves PSII by detaching from the    site. Qb is said 
to act as an electron gate because the only way to form quinol is to turn the reaction center over 
two times which transfers two electrons to the quinone producing two plastoquinols (one from 
each reduction of the plastoquinone).
1,3
 However, it is possible to have deprotonated quinol 
because Qb has to be reduced twice in order for PQH2 to leave. Additionally, the oxidation of the 
OEC occurs on the same time scale as the Qa to Qb electron transfer, which happens in a few 
milliseconds. After PQH2 leaves a second photon is then able to activate the reaction center.
1
 In 
summary, the overall reaction of PSII is: 2H2O + 2PQ (plastoquinone) → O2 + 2PQH2 
(plastoquinol).  
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Figure 3: A drawing of PSII showing the subunits, the electron transfer pathway, and the water 
splitting reaction. The electron transfer pathway is illustrated by the arrows which show the 
direction from one subunit or cofactor to the next.
5  
 In our experiments, PSII-enriched particles that contain all the components of the PSII 
reaction center were obtained from spinach leaves according to the protocol developed by 
Berthold, Babcock, and Yocum.
6 
Therefore, PSII-enriched particles are also known as BBYs. 
This protocol produces highly active and relatively pure PSII-enriched particles that are capable 
of oxygen evolution at high rates.
6
 
 Photosynthesis is inefficient at producing large amounts of energy and many aspects of 
PSII are still poorly understood, including how the OEC is assembled. This research therefore 
could lead to a better understanding of photosynthesis which could increase the efficiency. With 
a better understanding of the mechanism, a synthetic system for water oxidation could be 
designed which would lead to a more efficient way of obtaining oxygen. Lastly, research on 
photosynthesis could also lead to the production of artificial photosynthetic systems, which 
attempt to reproduce the natural process of photosynthesis in order to help solve energy 
shortages.
7
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 The artificial leaf is an example of an artificial photosynthetic system that could help 
solve the energy crisis. The idea of the artificial leaf was first used by Reece, et.al.
8
 They 
developed solar water-splitting cells that use a cobalt catalyst for oxygen evolution, operate at a 
near-neutral pH and are able to mimic photosynthesis. Although, there have been previous 
attempts at developing artificial leaf systems, using expensive and rare materials or strong acids 
and bases that are corrosive and hard to manage; this was the first practical attempt. The cell was 
4.7 % efficient at photosynthesis and stable for 10 hours at which point its performance gradually 
declined over 24 hours.
8 
In comparison natural photosynthesis is typically only up to 2 % 
efficient and plants only use up to 10% of the available photons in full sun light.
9
 The artificial 
leaf is not a complete end to the energy crisis however it is the first step to solving the problem.
8
    
Oxygen Evolving Complex  
 As mentioned above the assembly of the oxygen evolving complex is what this research 
is aimed at understanding.  The OEC, shown in Figures 4 and 5 from Thermosynechococcus 
vulcanus, cyanobacteria with a resolution of 1.9 Å, is the site of water oxidation and has a 
cubane like structure consisting of four Mn ions, a Ca ion, and five oxygen atoms.  
 The OEC also contains several ligands, shown in Figures 5 and 6, each Mn has 6 and 
each Ca has 7, with various roles. The bidentate ligands, which act as a Lewis base donating two 
pairs of electrons to a metal atom, originating from the D1 subunit include: Ala 344, Asp 170, 
Glu 33, Asp 342, His 332 and His 337. The role of Ala 344 is to act as a carboxyl terminus 
ligand to the second Mn and to Ca. Aspartic acid 170 is a ligand to the fourth Mn and Ca. Glu 
333 stabilizes the structure and is a ligand to the third and fourth Mn. Asp 342 is a ligand to the 
first and second Mn. His 332 is coordinated to the first Mn. Lastly, His 337 is not coordinated to 
the cluster directly but rather acts as an indirect ligand, and contains a nitrogen atom that is 
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bound to the third oxygen of the cluster to maintain its structure. There is also one more 
bidentate ligand that does not come from the D1 subunit which is CP43-Glu 354 and its role is to 
act as a ligand to the second and third Mn. Additionally, there is one monodentate ligand, which 
donates only one pair of electrons to the metal atom, originating from D1: D1-Glu 189, which 
acts as a ligand to Mn1. Other indirect ligands, besides His 337, that help to maintain the 
structure of the OEC and oxygen evolution include: D1- Asp 61 and CP-43 Arg 357. D1-Asp 61 
obviously originates from the D1 subunit and it also has carboxylate oxygen bound to the first 
water molecule and the fourth oxygen indirectly by another water molecule in order to help 
maintain the OEC structure.  CP-43 Arg 357 maintains OEC structure through its nitrogen 
atoms; it has a nitrogen atom bound to the second and fourth oxygen and another nitrogen 
hydrogen bonded to the carboxylate oxygen of D1-Asp 170 and D1- Ala 344. 
10
 However these 
ligands have not been concretely proven, with each new proposed structure of the OEC new 
binding sites for the D1 ligands are also discovered. Our experiments, therefore, are aimed at 
verifying and expanding upon the roles of the amino acids involved in the assembly of the OEC.   
             
Figure 4: The structure of the OEC.
10
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Figure 5: Structure of the OEC showing currently indentified amino acid ligands.
10
     
  
  
Figure 6: Schematic of the amino acids in the luminal region of the D1 subunit showing 
hypothesized Mn ligands (black rectangles) and Ca
2+ 
ligands (black stars).
11
 
S-State Cycle of Photosynthetic Water Oxidation  
 The S-State cycle, proposed by Kok
12
, provides a model to describe water oxidation.  
 
 
9 
 
As mentioned above, in the water-splitting reaction, there are four sequential one- electron 
oxidation reactions of the OEC by the tyrosine via P680
+
. These oxidations of the OEC are 
required to oxidize water and to generate oxygen.  
 The S-states are used to describe the corresponding oxidation states of the OEC. There 
are five oxidations states (S0-S4) where the OEC is oxidized four times and flashes of light 
advance the system from one S-state to the next. Once the four oxidation equivalents have been 
accumulated on the OEC, it may then strip two molecules of water of four electrons, allowing the 
S-state cycle to continue. Protons are also released during the cycle except for the transition from 
S1 to S2.
2
 The S0 state is the least oxidized intermediate and the subsequent S-states are derived 
from this state by progressive electron withdrawals. 
12
  
 The S1 state is known as the dark stable state and eventually produces the S4 state upon 
exposure to light after cycling through the other S states. If PSII is subjected to short flashes of 
light oxygen is released on the third flash and then it takes another four flashes to generate 
oxygen. The time to complete the cycle is about 10ms producing 100 oxygen molecules per 
second under continuous illumination. After S4 forms it converts to S0 by releasing oxygen 
without further light input.
1,12
 
 The proposed oxidation states in S0 are (Mn
III
)3Mn
II
, (Mn
III
)3Mn
IV
, and (Mn
IV
)2Mn
III
Mn
II
 
based on previous EPR studies. The high oxidation state model considers (Mn
III
)3Mn
IV
 and 
(Mn
IV
)2Mn
III
Mn
II
 to be the same because they have lost the same number of electrons relative to 
the initial Mn
II 
ions from which they formed during photoactivation. Therefore, in this model 
five one electron steps, and three photons are needed to reach S0 . Also in the high oxidation state 
model there are four photoassembly intermediates (IM1, IM2, IM3, and IM4). On the other hand, 
the low oxidation state model, shown in Figure 9, considers S0 to contain the (Mn
III
)3Mn
II 
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oxidation state and S0 is reached after three one-electron photo-oxidation steps, and only one 
photon, with two photoassembly intermediates (IM1
*
 and IM2). In summary the low oxidation 
state model has two fewer oxidations and thus less formal charge. It should be noted that there is 
some controversy over these assignments. Most research so far however has shown to favor the 
high oxidation state model.
12
 Based on the high-oxidation state model, the proposed oxidation 
states are: (Mn
IV
)3Mn
III
  for the S4 state,  (Mn
III
)2 (Mn
IV
)2 for the S1 state, Mn
III
(Mn
IV
)3 for the S2 
state, and  (Mn
IV
)4 for the S3 state.
11,12
 Furthermore, charge accumulation on the Mn atoms in the 
OEC can lead to photoinhibition.        
                                   
         
Figure 7:  Schematics showing D1 processing and the S-State Cycle. 
11 
Oxygen Evolving Complex Assembly/ Photoassembly  
 Photoassembly is the light dependent process by which the OEC assembles and must 
occur to rebuild the OEC after photodamage. Photoassembly occurs two times in nature: de novo 
synthesis of PSII and when PSII is damaged by light causing OEC inactivation. During 
photoassembly, the D1 protein, first synthesized as pD1, a precursor protein, experiences 
 
 
11 
 
recurrent light induced damage and the center becomes inactive. Damaged D1 is then removed 
by proteolytic processing by Deg and a new D1 subunit is replicated and inserted into PSII at a 
high rate.
13
 This process of D1 damage and repair occurs continuously and D1 turnover has a 
relatively low half life of 1 hour in medium light, 50-70 microEinsteins, or 20 minutes in high 
light, 2000-2500 microEinsteins.
14
 As shown in Figure 7, the proteolytic processing of pD1 
overlaps with the first steps of photoactivation. Furthermore, the proteolytic removal of pD1 is 
necessary in order for the OEC to assemble and to recover oxygen evolving activity.  
 In order to study photoassembly, PSII is depleted of the OEC and the extrinsic proteins 
(23kDa, 33kDa, 17kDa) using a high pH buffer in a procedure known as apo bby preparation. 
This process causes a complete loss of oxygen evolving activity. The OEC is then reassembled in 
the presence of Mn and Ca and exposed to short flashes of light, in a process known as 
photoactivation. However, the extrinsic proteins do not reassemble. This procedure will be 
further explained in the methods section and is outlined by Figure 16.  
 Figure 8 shows the two-quantum model for photoassembly as proposed by Cheniae. Most 
steps of photoassembly are light dependent, however there is a dark dependent step that likely 
involves a rearrangement of the metal atoms or a protein conformational change.
12,15
 Cheniae 
reported that at least two quanta of light are required per reaction center for photoactivation to 
advance. Furthermore, high light intensities gave low photochemical quantum yields leading to 
the discovery that a dark relaxation process must occur before the next quantum could be used.
11
 
 In photoassembly,     is photo-oxidized to form an unstable intermediate, IM1. This 
step is necessary for the dark rearrangement, rate limiting step, to occur. A second     ion is 
then incorporated into the cluster and a flash of light photo-oxides the second unstable 
intermediate (IM1
*
),        , to the stable intermediate (IM2),         ,and  the cluster is 
 
 
12 
 
then reassembled in darkness. However, if the second photoreaction does not take place the 
second unstable intermediate, IM
*
, can decay back to the first IM0 state and kD is the rate 
constant of this decay. Figure 9 shows a simpler schematic of this process showing how the Ca 
and Mn are incorporated into PSII to obtain the S0 state so that the S state cycle can begin.  
 Even though most of the basics of this process are understood, how the plant can achieve 
photoassembly in nature is still unknown. Research shows that the plant must have a dark 
rearrangement step but in nature the plant is able to reassemble the OEC under high (2000-2500 
microEinsteins
14
) light. Therefore, that is one of the questions this research hopes to answer by 
determining the best conditions for photoassembly. As photoassembly is better understood, the 
information could be used by the biofuel and agriculture industries to increase yields which 
would help to solve food and fossil fuel shortages as well as decrease global warming. 
Furthermore, understanding the mechanism of photoactivation can help us to better understand 
the structure of the OEC. 
   
Figure 8: A comparison of the proposed schemes of the two- quantum mechanism for 
photoassembly proposed by Cheniae, top, and Zaltsman, middle, as well as the states of Mn, 
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bottom, for the corresponding steps. The second scheme was developed when the kinetics of the 
reaction was determined adding to Cheniae’s proposal.11 
 
                      Dark rearrangement 
Figure 9: Schematic showing the photoassembly mechanism for the low oxidation state model, 
where only one photon is needed to get to the S0 state as opposed to three for the high oxidation 
state model.  
Photoinhibition 
 
Although illumination is necessary for photoactivation, excessive light can cause 
photoinhibition, or loss of activity.  Photoinhibition is also considered to be an unwanted 
byproduct of charge separation due to P680+ oxidizing amino acid residues. Photoinhibition only 
occurs when the damage to PSII is greater than can be repaired by the plant. The result of this 
damage is that D1 does not get repaired, and other sites in D1 could become oxidized instead of 
the tyrosine therefore PSII is no longer functional.  
 The mechanism of photoinhibition is not well known, but there are several proposed 
mechanisms of photoinhibition. One proposed mechanism is acceptor side photoinhibition where 
 
 
14 
 
PSII is illuminated with high intensity light in the absence of electron acceptors.
16 
In other 
proposed mechanisms, photoinhibition is induced by weak light conditions or occurs as donor 
side photoinhibition.
17
  Therefore, it 
 
is unknown what limits the rate of inhibition; it could be 
due to D1 or the photoassembly process itself. Once we understand the steps better we can count 
the number of photons involved in order to determine if photoassembly occurs by the high or low 
oxidation state model.
12
 
 If photoassembly and photoinhibition are better understood, loss due to photoinhibition 
can be avoided further increasing yields. This knowledge could then be applied towards 
producing new crops strains that use absorbed sunlight more efficiently, or a viable artificial leaf 
that could produce energy and biofuels, as well as other methods of obtaining solar energy more 
efficiently. As stated above, this would help to limit the use of fossil fuels which in turn could 
help limit global warming.   
Experimental Overview  
 In summary our experiments revolved around understanding water oxidation and 
photoassembly better. In order to reach that goal we performed three main sets of experiments 
which included optimizing the apo-preparation and photoassembly, studying the pH dependence 
of photoassembly, the temperature dependence of water oxidation, and also studying the 
potential use of redox mediators.  
 First of all, nonconventional redox mediators were explored in order to enhance the 
ability to study the kinetics of photoassembly of photosystem II. Redox mediators enhance the 
rate of oxygen evolution and are used in order to obtain communication between damaged PSII 
and a terminal oxidant. Due to the problem of Mn reduction observed in current redox mediators 
studied with PSII, a new approach is needed to study photoassembly. The redox mediator 
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typically used for PSII research, DCBQ (2,6 dichloro-1,4-benzoquinone) short circuits the 
system by carrying electrons back to the OEC reducing Mn, causing it to decay back to the first 
unstable intermediate, IM1. However, if there were a way to get electrons out faster, charge 
separation would no longer be a problem.
18
  
 Additionally, there is still controversy over how the water splitting reaction of the OEC 
occurs. The major question that needs to be answered is whether Mn is at a high oxidation state 
or a low oxidation state. Photoassembly and photoinhibition in PSII are also poorly understood; 
even though they have been studied extensively.  Therefore, this research hopes to answer these 
questions about the oxidation states of Mn and the mechanisms of photoassembly and 
photoinhibition.  
 The main goal of this research, however, is to determine the pH dependence of the OEC 
to reveal which amino acid residues are involved in order to gain a better understanding of OEC 
degeneration and repair. Although, the pH dependence of PSII has been studied previously,
 
research into photoassembly has not been done.
19
 Potential ligand binding can be studied by 
titrating the pH of the ionizable groups. The pKa can then be calculated and compared to known 
pKa values for amino acids believed to be a ligand to the OEC.   
 Additionally, the goal of this research was to expand on the work done in the lab by a 
previous graduate student who studied the temperature dependence of photoassembly in order to 
determine the best conditions for the water splitting reaction and the rate limiting step of 
photoassembly. As stated earlier, if the water splitting reaction is optimized it could lead to ways 
of increasing energy production by photosynthesis.  Previous results showed that there was not a 
difference between photoassembly and water oxidation. However, when DCBQ was present the 
results looked different, with DCBQ the activation barrier coordinated to the S-State cycle but 
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without DCBQ the activation barrier coordinated to charge separation. What the results showed 
was the temperature dependence of charge separation and not photoassembly (personal 
communication with James Board).
20
 The goal of this additional research was to understand the 
temperature dependence of photoassembly and water oxidation. We also needed to clarify past 
data and incorporate the new data to better understand how these processes occur.   
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CHAPTER 2  
Experimental   
BBY Preparation
 
  Photosystem II enriched particles (or BBYs) were prepared by extraction from 
adult flat leaf spinach according to Berthold, Babcock, and Yocum
6
, with modifications from 
Kolling, et.al 
21
. Spinach is used because it is a model organism due to the fact that the value for 
concentration of chlorophyll a and oxygen evolution is known and verified by the current 
literature.  The preparation must be performed under dim green light to protect the light sensitive 
sample. 
 To begin this prep four to six bunches of spinach leaves were washed with distilled water 
and the petioles, or center vein of the leaf, were removed because of the large concentration of 
proteases that they contain. The procedure was also done wearing gloves to protect the sample 
from human proteases present on the skin. Next the leaves were ground in a commercial juicing 
machine, shown in Figure 10 A,  and mixed with K1 buffer (0.1 M sucrose, 0.2 M NaCl, 35 mM 
HEPES, at pH 7.4 with NaOH) and protease inhibitors, whose contents are outlined Table 1, 
while grinding to achieve cell lysis, Figure 10 B.  
 When cells are lysed, proteases are released and some of these proteases might not 
normally come into contact with certain proteins otherwise. Therefore the preparation is time 
sensitive so adding protease inhibitors to the buffers to protect the proteins, along with 
performing the preparation at lower temperatures, and moving quickly on to the next step helps 
to decrease this problem.  
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A.     B.  
Figure 10: The process of cell lysis during the BBY preparation: A shows the setup used and B 
shows what happens to the cell.
4
 
Protease Inhibitor  Inhibits  Reversible/ 
Irreversible  
AEBSF hydrochloride  serine proteases  irreversible  
aprotinin bovine lung  serine proteases  reversible  
E-64  cysteine proteases  irreversible  
leupeptin hemisulfate  serine/ 
cysteine proteases and 
trypsin like proteases  
reversible  
Table 1:  Table summarizing the protease inhibitor CALBIOCHEM Set V components and the 
function of each component.    
 After cell lysis, in order to pellet any remaining whole cells, organelles, cell walls, and 
DNA; the filtrate was strained and then placed into 250 ml centrifuge tubes and centrifuged in a 
JA14 at 3000 Xg for 2 minutes at 4 ºC. The supernatant was then collected and centrifuged in a 
JA14 at 8600 Xg for 15 minutes at 4 ºC. The pellet was then resuspended and a minimal volume 
of K2 buffer (0.4 M sucrose, 5 mM NaCl, 5 mM          , 15 mM Ca    (AN), 50 mM 
MES    , at pH 6.5 with NaOH) with protease inhibitors using a brush and homogenizer.  
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Figure 11 shows a simple schematic of how the larger components form a pellet during 
centrifugation and the remaining components, such as organelles, are in the supernatant, or liquid 
above the pellet.  
 
Figure 11: Schematic showing differential centrifugation during BBY preparation.
22 
 The chlorophyll concentration was then calculated using a Shimadzu UV-1800 scanning 
UV-Vis: 5 μl of prep and 995 μl of 80% (v/v) acetone were mixed in a microcentrifuge tube and 
spun in a microfuge for 5 minutes. Then the absorbance at 652 and 750 were measured and used 
to calculate the concentration of chlorophyll using ([Chl a] (mg/ml) = ((OD652 – OD750) x optical 
path length (1cm) x 27.8 g−1 cm−1 x Dilution factor (200) / 1000 mg/g/ 1 ml). This was done 
twice and the average of the two was used to calculate the amount of triton needed for the 
detergent treatment.  
Cell Lysate  
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Figure 12: Example of a UV absorbance readout used to determine BBY concentration. 
  Then the suspension was diluted to 2.5 mg/ml chlorophyll with K2 buffer with protease 
inhibitors. Next the suspension was placed in a beaker and stirred slowly at 4 ºC for 12 minutes 
with a magnetic stirrer while 20 mg Triton X-100 (20% w/v) :1 mg Chl a (Triton volume should 
be 1/5 of the total volume) was added slowly along the side of the beaker (the final Chl 
concentration should be about 2 mg/ml). This step is preformed in order to partially degrade the 
thylakoid membranes. However, the Triton exposure time should not exceed 30 min so that the 
thylakoid membrane does not get degraded too much.  
 The mixture was then transferred into 42 ml centrifuge tubes and centrifuged in a JA20 at 
40,000 Xg for 18 minutes at 4 ºC ( total time in Triton X-100 should not exceed 30 minutes) in 
order to pellet sub thylakoidal membranes and mostly separate PSI from PSII. In order to 
determine if the separation of PSI from PSII was successful sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE), which separates proteins based on their size, 
can be used; however we did not check the separation because past data indicated that the 
process was efficient. 
20
Next the supernatant, which contained PSI, was decanted and the pellet 
 
 
21 
 
was resuspended in minimal volume of K2 buffer with protease inhibitors, while avoiding the 
white part of the pellet, which is starch. The resuspended pellet was then put into four 42 ml 
centrifuge tubes, which were filled the rest of the way up with K2 buffer with protease inhibitors 
and centrifuged in a JA20 at 40,000 Xg for 18 minutes at 4 ºC. Then the pellets were 
resuspended in a minimal volume of K3 buffer (50 mM MES, 35 mM NaCl, 0.3 M sucrose, at 
pH 6 with NaOH) with protease inhibitors and put into two 42 ml centrifuge tube and centrifuged 
in a JA20 at 40,000 Xg for 18 minutes at 4 ºC (this step was repeated if the supernatant was not 
clear). If the supernatant was clear the pellet was resuspended in a minimal volume of K3 and 
frozen in liquid nitrogen and stored in liquid nitrogen (at -80 ºC). 
 
Oxygraph Electrode Setup 
 Measurements were made using a Hansatech Oxygen Electrode which applies a small 
polarizing voltage between the platinum cathode and the silver anode of the electrode disc, and 
oxygen is consumed at the platinum cathode. The current that is generated when the oxygen is 
consumed is proportional to the oxygen activity in the sample. 
  The electrode was setup according to the Hansatech Operations Manual. The electrode 
was cleaned using Hansatech rapid electrode disc polish and a cotton swab to remove oxide and 
chloride deposits on the silver anode, then rinsed with distilled water and dried with a paper 
towel. Next a 50% saturated solution of KCl was added to the electrode well and a drop was also 
put on the top. KCl is needed to serve as the electrolyte, in order to conduct the signal. Then a 
piece of cigarette paper is placed on top of the electrode and covered by an oxygen permeable 
membrane forming a wick. Next an O-ring was applied over the electrode dome to hold the wick 
in place using an applicator. After the electrode disc was prepared it was put into the oxygraph. 
The oxygraph was then calibrated by using 2 ml of oxygenated water, prepared by shaking a 
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flask of distilled water for a few minutes, and then adding in nitrogen gas when prompted by the 
computer program. After use the electrode was disassembled and stored in a dessicator.
23
  
 
Figure 13: Pictures showing oxygraph setup, the panel on the left shows the complete setup 
while the panel on the right shows the dissembled electrode with the components needed to 
prepare the electrode disc.
23
 
Oxygraph Measurements  
 One or two pellets of the stored BBYs were first thawed on ice. Once the pellets were 
thawed, the chlorophyll concentration was then calculated using a Shimadzu UV-1800 scanning 
UV-Vis: 5 μl of prep and 995 μl of 80% (v/v) acetone, for a total volume of 1 ml, were mixed in 
a microcentrifuge tube and spun in a microfuge for 5 minutes. Then the absorbance at 652 and 
750 were measured and used to calculate the concentration of chlorophyll using ([Chl a] (mg/ml) 
= ((OD652 – OD750) x optical path length (1cm) x 27.8 g−1 cm−1 x Dilution factor (200) / 1000 
mg/g/ 1 ml). This was done twice and the average was used to calculate the volume of BBYs 
needed in the sample, target chlorophyll concentration was 2.5 mg/ml, using M1V1=M2V2.  
 In order to test BBY activity, a 1 ml sample was then prepared, mixing 5 mM 
  Fe     , and, 0.0125 mg/ml BBYs in K3 buffer in a microcentrifuge tube. To ensure that the 
terminal oxidant,   Fe     , was needed to see the activity of the BBYs a sample of 0.0125 
mg/ml BBYs in l K3 buffer, without   Fe     , was also tested but no oxygen evolving activity 
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was observed. The redox mediator DCBQ was tested for its potential to increase BBY activity by 
preparing a sample of 5 mM   Fe     , 0.0125 mg/ml BBYs, and 0.15 mM DCBQ (dissolved 
in DMSO) in K3 buffer. The samples were prepared under dim green light because green light is 
the wavelength that is absorbed the least in photosynthesis and therefore affects PSII the least. 
 The samples were then pipetted into the oxygraph chamber and allowed to dark adjust for 
5 minutes while measurements were recorded (the oxygraph chamber was covered with a black 
box to protect the sample from light produced by the computer screen). After 5 minutes, the 
sample was uncovered and the light (Kodak projector) (intensity was between 1000 and 1200 
microEinsteins) was turned on and the slope from the graph produced was used to calculate the 
rate of oxygen evolution (rate= ((slope nmol   /ml/min * 60 min/hr)/1000 μmol O2/nmol O2)/ 
0.0125 mg/ml chl a). Measurements were performed at 28ºC because past data indicates that 
oxygen evolution is most efficient at this temperature.
20
 Figure 14, shows a typical graph 
produced by the oxygraph when measuring the oxygen production of the sample. In order to 
calculate the rate of oxygen evolution, the negative slope is subtracted from the positive slope 
and this value is used in the equation: ((rate= ((slope nmol   /ml/min * 60 min/hr)/1000 μmol 
O2/nmol O2)/ 0.0125 mg/ml chl a).    
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Figure 14: Standard oxygraph measurement (0.0125 mg/ml BBYs, K3 buffer, 5 mM 
K3Fe(CN)6), rate for this particular sample was about 34 μmol O2 /mg chl a/hr.  
Apo-PSII Preparation for Small Scale Photoactivation 
 OEC- depleted BBYs or apo-BBYs were prepared based on Baranov’s protocol24 with 
some modifications in order to optimize the process. First BBY particles (about 3-4 pellets) were 
removed from the liquid nitrogen and slowly thawed on ice. Then the Chl concentration was 
measured as outlined above. Next the BBYs were concentrated to 5.25 mg/ml. Then 25 mM 
CHES at pH 9.5, 1.4 mM Mg   , and 50 μl of concentrated BBYs were mixed in a 
microcentrifuge tube by inversion and incubated at 21 ºC for 90 seconds. The reaction was then 
quenched by adding 700 μl of K3 buffer and centrifuged at max speed for 15 seconds.  The 
supernatant was decanted and discarded and the pellet was resolublized in K3 buffer and 1 mM 
EDTA, to help get rid of excess Mg, and then centrifuged for 15 secs.  This step was then 
repeated three more times with 700 μl K3 buffer, without EDTA, for a total of four washes. After 
the final wash the pellet was resolublized with enough K3 to bring the Chl concentration to 2.5 
mg/ml. As seen in Figure 17 this process removes the Mn cluster and the extrinsic proteins.  
Alternative Apo-PSII Preparation  
 Apo BBYs were also prepared based on Miyao’s protocol 25,26,27,28,29 with some 
modifications in order to prove that apo-BBYs could be obtained by a different method. First 
BBYs were treated with 1.5 M NaCl for 30 minutes at 4 ºC then washed once with K3 buffer. 
Next the BBYs were treated for 5 minutes on ice with 1mM        and washed four times with 
K3 buffer. After the final wash the pellet was resolublized with enough K3 buffer to bring the 
Chl concentration to 2.5 mg/ml. Although this still resulted in a loss of the OEC and the extrinsic 
proteins, the CHES treatment was used because it is a faster prep and therefore more efficient.  
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Tests for Apo-BBY Activity and Photoassembly  
 Samples were prepared by mixing 2 mM Ca   , 5 mM   Fe     , 0.0125 mg/ml Apo- 
BBYs, 0.1 mM Mn   , and 1 mM sodium bicarbonate in K3 buffer in a microcentrifuge tube. 
One sample was tested for activity to make sure that the apo preparation procedure was 
successful. If the apo preparation was performed correctly, oxygen should not be produced, as 
shown in Figure 17. The other sample was flashed at a frequency of 1.6 Hz for 1000 flashes at 28 
ºC as seen in Figure 15. The oxygen evolution was measured in an anaerobic environment, by 
bubbling in nitrogen gas, at 28 ºC (past data indicates that photoassembly is most efficient at this 
temperature
20
) and allowed to dark adjust for 5 minutes before the light was turned on and the 
nitrogen gas was turned off.   
 
Figure 15: Picture of the photoassembly setup with the incubator and strobe light, which is used 
to flash the sample in order to get photoassembly.  
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Figure 16: Schematic showing the removal of the Mn4Ca cluster by high pH treatment (or apo 
preparation) and then reassembly by photoactivation.
30 
 
 
Figure 17: Apo test data showing that the apo preparation was successful, seen as a loss in 
activity when the light was turned on.  
pH Dependence Experiments 
 Buffers were made according to Schiller and Dau’s protocol19 with some modifications. 
The range covered was from pH 4- 8.5 using HCl and NaOH to adjust the pH. The buffer 
contained 25 mM MES (pka= 6.1), 25 mM sodium acetate (pka= 4.8), 25 mM MOPS (pka= 7.2), 
25 mM HEPES (pka=7.5), 5 mM Ca   , 5 mM Mg    ,400 mM sucrose, and 10 mM NaCl. The 
buffer agents used were chosen because in order to have a successful buffer the pka must be 
within one unit of the desired pH. For our experiments the buffer of the pH to be tested was used 
in the place of the K3 buffer.  
Temperature Dependence Experiments 
 We performed temperature titrations in both chloroplasts and BBYs, using a temperature 
range from 5 ºC to 40 ºC. Calcium titration samples contained: 5 mM   Fe     , 0.0125 mg/ml 
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BBY, with/ without 2 mM Ca    in K3 buffer. DCBQ titration samples contained: 5 mM 
  Fe     , 0.0125 mg/ml BBY, and with/without 0.15 mM DCBQ in K3 buffer. A sample 
containing both calcium chloride and DCBQ (5 mM K3Fe(CN)6, 0.0125 mg/mL BBYs, K3 
buffer, 0.15mM DCBQ,  and 2 mM CaCl2) was also tested.  
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CHAPTER 3 
Results and Discussion 
Non-conventional Redox Mediator Experiments  
 Conductive and semiconductive nanoparticles were used to determine if they short circuit 
electron transfer chains within cells. As stated earlier DCBQ is typically used when studying 
PSII because it is capable of entering the membrane and accepting electrons and then pass those 
electrons to   Fe     . However, DCBQ is limited by charge separation. Therefore, this 
research could be beneficial to find a new redox mediator for communication between damaged 
PSII and the terminal oxidant. 
  Semiconductive and conductive carbon nanotubes (CNTs) that had been functionalized 
with DNA, to make them soluble in water, (obtained from Norton’s Lab Group) were also tested.  
To perform these tests, a sample was prepared by mixing 5 mM   Fe      , 0.0375 mg/ml 
BBYs, 10 μl or 20 μl (concentration is unknown) of  metallic CNTs (MCNTs) or semiconducting 
CNTs (SCNTs), and K3 buffer in a microcentrifuge tube. Each sample was allowed to dark 
adjust for five minutes before the light was turned on. However, the carbon nanotubes did not 
increase the rate but instead inhibited oxygen evolution: MCNTs showed a 28.6% decrease 
with10 μl and a 5% decrease with 20 μl and SCNTs showed a 49% decrease with 10 μl and a 
22.5% decrease with 20μl. It is interesting that when the amount of nanotubes added was 
doubled the rate of oxygen evolution was less inhibited. This could be because the nanotubes 
interacted with each other more and less with the protein. However, this research was not 
pursued further because the desired result, an increase in rate, greater than or equal to that seen 
with DCBQ (increase of about eight times), was not seen.  
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Figure 18: BBY sample without any CNTs (rate of oxygen evolution was 28.5 μmol O2/mg chl 
a/hr).  
 
Figure 19: BBY sample with DCBQ (rate of oxygen evolution was 201.6 μmol O2/mg chl a/hr).   
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Figure 20: CNT measurement: 10 μl SCNTs, rate of oxygen evolution was 14.49 μmol O2/mg 
chl a/hr  
 
Figure 21: CNT measurements: 20 μl SCNTs, rate of oxygen evolution was 22.1 μmol O2/mg 
chl a/hr.  
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Figure 22: MCNT measurements: 10 μl MCNTs, rate of oxygen evolution was 20.35 μmol 
O2/mg chl a/hr.  
 
Figure 23: MCNT measurements: 20 μl MCNTs, rate of oxygen evolution was 27.01 μmol 
O2/mg chl a/hr.  
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sample of 5 mM   Fe     , and 100 μl of 10 nM gold nanoparticles in K3 buffer, was also ran 
to make sure that the gold did not show activity accounting for the activity increase seen. Our 
results for these experiments were inconsistent. Gold nanoparticles appeared to conduct electrons 
from PSII to a terminal oxidant at first. However, gold nanoparticles do not conduct electrons as 
well as DCBQ. Results showed gold increased the rate to be about 2 times greater than without it 
but DCBQ increased the rate by about six to eight times. As the experiments were continued it 
was observed that the gold nanoparticles inhibited the rate by 35% to 10%. The inconsistency 
could be due to not keeping the nanoparticles stored at the right temperature or due to problems 
with reproducibility which is evident in the control rates.  Even though these results were 
interesting, the desired result, an increase in rate greater or equal to that observed with DCBQ, 
was not seen. Therefore, these experiments were not continued.   
 
Figure 24: Sample gold nanoparticle measurement, rate of oxygen evolution was 30.8 μmol 
O2/mg chl A/hr. The rate of oxygen evolution for the control was 34.52 μmol O2/mg chl a/hr.    
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Figure 25: DCBQ measurement (0.0195 mg/mL BBYs, K3 buffer, 5 mM K3Fe(CN)6,  0.15mM 
DCBQ).  Rate was 204.02 μmol O2/mg chl a/hr and the rate without DCBQ was 34.52 μmol 
O2/mg chl a/hr.    
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46.89 206.4 38.66 
27.38 
25.09 
Decreased by 
35.2% 
34.5 204.02 30.8 Decreased by 
10.7%  
Table 2: Table showing the rates of oxygen evolution (μmol O2/mg chl a/hr) from the gold 
nanoparticle experiments. 
 Another redox mediator, 2,6-dichlorophenolindophenol (DCPIP),was also tested and 
these samples contained 5 mM   Fe     ,  0.01197  mg/mL BBYs, and 0.15 mM DCPIP in K3 
buffer or 5 mM   Fe     ,  0.01258 mg/mL BBYs,  0.3 mM DCPIP in K3 buffer. However the 
rates for the control and the sample with 0.15 mM DCPIP were about the same, and when 0.3 
mM DCPIP was added the rate decreased by about 63%. Therefore, these experiments were not 
continued because the desired result of increasing the rate was not seen.  
Photoassembly Trouble-shooting  
 Since the experiments with non-conventional redox mediators did not go as planned we 
decided to study photoassembly. However, due to trouble in obtaining photoassembly, many 
different experiments were attempted in order to get photoassembly to work. The photoassembly 
problems were first believed to be from contaminants present in the chemicals used therefore, all 
solutions and buffers were remade several times and new chemicals were ordered. Another 
possible explanation that we came up with was that the incubation time for the apo preparation 
was either too long or too short or that the temperature had an effect, therefore different 
incubation times (1-6 minutes) and temperatures (20ºC, 4ºC, 25ºC, and 21ºC) were used for the 
apo preparations. To further account for temperature dependence the centrifuge was chilled so 
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that we could determine if the heat was causing PSII to be damaged beyond repair. Also 
plasticizers could have affected photoassembly therefore photoassembly was attempted in pink 
colored plastic tubes, clear plastic tubes and a glass vial. Other experiments to improve 
photoassembly included:   using different light sources to achieve photoassembly (1000X flash, 
pre-flash, and room light for 20 minutes), using different methods of Apo preparation, 
concentrating BBYs 5.25 mg/mL before the Apo preparation and also leaving them as is, using 
different concentrations of CHES buffer and at different pHs, using higher concentration of 
Mg   , using different concentrations of sodium bicarbonate, leaving out Mn   , decreasing the 
concentration of,   Fe     , increasing the concentration of BBYs, and also performing Apo 
preparation with added protease inhibitors.  
 One of the more important findings that was discovered after observing what we thought 
to be BBYs under the microscope was that the chloroplasts were still intact. We then perfected 
the BBY preparation by adding additional centrifuge steps to break up the chloroplasts. 
However, photoassembly still failed under the old methods. Figure 26 shows a failed 
photoassembly attempt. We concluded that photoassembly was not being seen because the traces 
did not look as we expected, instead of increasing significantly and then leveling off we saw a 
small increase in O2 production, then a significant decrease. 
  The only experiment, shown in Figure 27 that improved photoassembly was bubbling in 
nitrogen gas during the measurement with a recovery of about 50%. However, the rates are still 
lower than expected. Therefore, it was concluded that superoxide effects from PSI and/or PSII 
were keeping photoassembly from being observed; because oxygen is consumed to form 
superoxide and this is why a decrease in the signal was seen.
31,32 
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 In conclusion, the main reason for these experiments is that photoassembly depends on 
two conditions which determine the amount of photodamage. The first is the functional status of 
the oxygen-evolving complex and the second is the light intensity. Therefore, our experiments 
reflected this fact and attempted to improve both of these conditions. Photoassembly was then 
improved by limiting the superoxide effects by bubbling in nitrogen gas during the measurement.   
 
Figure 26: Sample data showing failed photoassembly.  
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Figure 27: Sample data showing improved photoassembly, rate was 12.3 μmol O2/mg chl a/hr. 
Rate of oxygen evolution of the BBYs was 24.8 μmol O2/mg chl a/hr, therefore about 50% of the 
activity was recovered.  
Temperature Dependence of Water Oxidation Experiments  
 It is understood that photoassembly depends not only on Mn 
2+ 
concentration but also on 
Ca 
2+
 and Cl 
-
 during illumination. Calcium is also essential for the reconstituted OEC to evolve 
oxygen.  Chloride is also needed to enhance photoassembly by suppressing the decay of the 
second unstable intermediate and stabilizing the reconstituted OEC.
33,34,35
 However; while we 
were performing experiments in order to improve photoassembly we saw that these ions seemed 
to have an effect on water oxidation. Therefore, we performed a temperature curve with calcium 
chloride. The experiments were also supposed to be a continuation of work done by James 
Board, as stated earlier. Calcium chloride was found to increase the rate but it is unclear as to 
why, this increase could be due to a divalent cation effect. More experiments will need to be 
conducted with other divalent cations, such as MnCl2, to verify this explanation.  
 One of the major findings of these experiments was that the curve differed for intact 
organisms with chloroplasts and PSII. Chloroplasts had maximum activity at approximately 
38ºC. However, in PSII or damaged thylakoid membranes the maximum seemed to be 35ºC or 
greater. Although, past data indicates that PSII maximum should be at 28ºC with a loss of 
oxygen evolution at higher temperatures.
20,36
 The damage to the membrane is believed to be the 
source of this shift, but it is unclear why the shift to 35 ºC occurred with the perfected BBY 
preparation, unless the water bath temperature fluctuated during the measurements. However, 
with DCBQ present the maximum shifted back to 28ºC, this could mean that DCBQ activity is 
also temperature dependent. The change in the temperature curve could also be explained by the 
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fact that DCBQ accepts and transports electrons to K3Fe(CN)6  faster. Therefore, DCBQ is able 
to help PSII overcome the loss of efficiency at lower temperatures.
26 
  The experiments with both calcium chloride and DCBQ present showed similar rates as 
with just DCBQ, revealing that the calcium chloride effect does not matter with a redox mediator 
present. Therefore, it can be concluded that the calcium effect is due to better communication 
between the quinone pool and the terminal oxidant in the absence of a redox mediator. We 
hypothesized that with both the rates would be much higher however this was not seen.  
 
Figure 28: Temperature curve in chloroplasts.  
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Figure 29: Temperature curve in BBYs with (red) and without calcium chloride (blue).  
 
Figure 30: Temperature curve in BBYs with DCBQ (blue) and with DCBQ and calcium 
chloride (red). 
pH Dependence Experiments  
 The goal of this experiment was to prove that previous work done by Schiller and Dau
19
 
could be reproduced. The maximum activity was found at pH 6.3 in the work done by Schiller 
and Dau, and below 4.5 or above 8.5 no activity was observed, see appendix. To explain the 
effects of changing the pH, Schiller and Dau reported that, alkaline pH can cause a release of Cl
-
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on the donor side which deprotonates a Cl
-
 binding group or replaces it with OH
-
; the loss of 
chloride slows down the S-state cycle and the bound OH
- 
could reduce Mn while getting 
oxidized to H2O2. Furthermore, high pH values could cause extrinsic PSII polypeptides to be 
released which could destabilize the manganese cluster and at the PSII acceptor side alkaline pH 
values decrease the rate of electron transfer from Qa to Qb. 
19 
  Figure 31 shows the normalized curves of the pH dependence in my experiments. 
Without DCBQ the curve is relatively flat therefore there does not seem to be a pH dependence 
which could mean that the dependence involves the quinone side of the protein instead of the 
OEC (Schiller and Dau did not perform a titration without DCBQ). With DCBQ maximum 
activity is seen around pH 6.  Both curves showed no activity at pH 4 or at pH 8, with the 
activity dramatically decreasing around pH 7 as expected. In conclusion, we believe that we were 
able to do a relatively good job at reproducing Schiller and Dau’s work since the trend of our 
curve was very similar to their curve. Therefore, we decided we could move on to the 
photoassembly experiments.  
 As shown in Figure 32, the experiments with photoassembly did not go as planned, the 
results were very inconsistent. This was believed to be due to inconsistencies in obtaining the 
measurements. Photoassembly has to be probed at pH 6 because we assume that maximum 
activity occurs at this pH due to the fact that oxygen evolution is maximized at pH 6. Therefore 
the sample was flashed at the pH being tested, then centrifuged, and the supernatant was 
discarded. The BBYs were then resuspended in K3 buffer at pH 6 and 5 mM   Fe       in 
order to obtain the measurement. However, this could have caused the BBY concentration to 
change but the rates were not calculated taking this into account because the sample is too dilute 
therefore the concentration could not be checked. When this was tested with just K3 it was 
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determined that it did cause the rates to decrease. Another problem could be with the nitrogen 
gas, such as turning it higher one time or lower the next, because the rate is so small it is hard to 
control. The differences in pressure could result in different rates of evaporation over the 5 mins 
causing the concentration of salt in solution or the BBY concentration to change. The results 
showed that the maximum activity was seen at pH 5.5, interestingly, this appears to correlate 
somewhat with water oxidation. However, the results for photoassembly are not reliable; 
therefore no solid conclusions can be made until the experiments can be repeated. Additionally, 
as seen in the error bars, the measurement at 5.5 had the most error related to it as the two trials 
were not consistent with each other, in fact for one of the trials the rate was negative. 
Unfortunately, due to time constraints we were unable to repeat these experiments.     
 
Figure 31: pH dependence of oxygen evolution with DCBQ (red) and without (blue).  
0 
50 
100 
150 
200 
250 
300 
4 4.5 5 5.5 6 6.5 7 7.5 8 
Rate of Oxygen 
Evolution 
(μmol/mg chl 
a/hr)  
pH   
 
 
42 
 
 
Figure 32: First attempt at pH dependence of photoassembly. Red square shows the average rate 
for photoassembly with K3 buffer at pH 6.  
DCBQ Photoassembly Titration Experiment  
 The DCBQ titration was performed to try to get better photoassembly rates. The results 
showed that photoassembly activity was at a maximum with adding 0.03 mM DCBQ however 
the rates were still very low. Furthermore, activity was completely lost when 0.15 mM DCBQ 
was added. The results obtained were consistent with past research.
18
 As stated earlier DCBQ 
short circuits the system by carrying electrons back to the OEC reducing Mn creating charge 
separation which explains why photoassembly is inhibited by larger concentrations of DCBQ.  
 
Figure 33: DCBQ titration of photoassembly. 
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CHAPTER 4 
Conclusion 
 Photosystem II requires precise and regulated photoassembly to ensure the proper 
positioning of the cofactors. This research optimized the process for depleting the cofactors from 
PSII (apo-bby preparation) and photoassembly of PSII by researching past methods and 
improving upon those methods. The CHES and MgCl2 treatment was found to be the most 
efficient for depleting the BBYs of the OEC and the extrinsic proteins.  
 Furthermore, we were able to study several different areas related to water oxidation and 
photoassembly, such as exploring non-conventional redox mediators, temperature dependence 
and pH dependence. In these experiments it was determined that carbon nanotubes and gold 
nanoparticles cannot be used as redox mediators for photosystem II. However, it is possible that 
other nanoparticles could be useful and this could be looked into in the future.  
 We discovered the temperature curve for intact organisms with chloroplasts differs from 
PSII.  We now know that in chloroplasts or intact organisms the temperature dependence of 
water oxidation is higher (38ºC) than in isolated protein (28-35 ºC). Along with this we 
discovered that calcium chloride, in the absence of redox mediators, causes the rate of oxygen 
evolution to increase significantly.  
  We were also able to repeat past experiments on pH dependence of water oxidation 
however, we could not draw any new conclusions based on our photoassembly data. We also 
proved that at certain concentrations of DCBQ photoassembly is in fact inhibited proving the 
need for a new redox mediator. Although we had several issues along the way we believe that 
our data can lead to a better understanding on how photoassembly and water oxidation occurs.  
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CHAPTER 5 
Future Work 
 Future work in this group related to my research will be to further optimize the Apo-BBY 
preparation and photoassembly procedures in order to obtain more reproducible results. The 
main focus once that goal is met would be to continue the pH dependence experiments of water 
oxidation and of OEC photoassembly in order to confirm our findings. However, the 
concentration differences should be checked for and taken into account when calculating the 
rates this could be done by preparing larger volumes of the sample. Also a more consistent way 
of controlling the pressure is needed; a finer gage on the nitrogen tank would allow for this.  
  In addition, further work on the temperature dependence of water oxidation will need to 
be completed in order to incorporate new data along with my data. Furthermore, these 
experiments should be expanded to photoassembly as well to determine if there is a difference 
between water oxidation and photoassembly. This would also lead to a better understanding of 
how these two processes occur.  
  Another project that would help meet the goal of understanding PSII photoassembly that 
could be performed would be to explore other non-conventional redox mediators such as silver 
nanoparticles or copper nanoparticles in order to enhance oxygen evolution.  As mentioned 
above redox mediators are needed to study the kinetics involved in photoassembly. However a 
problem exists with the current redox mediator DCBQ and the goal would be to avoid the 
problem of charge separation. 
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APPENDIXES  
Appendix A 
BBY Preparation Buffers 
K1 Buffer                                                  1 L 
    0.1 M Sucrose                                        34.32 g 
    0.2 M NaCl                                            11.69 g 
    35 mM HEPES                                      8.34 g 
 -pH to 7.4 w/ NaOH (start with ~4 medium sized pellets) 
 
K2 Buffer                                                  500 mL  
   0.4 M Sucrose                                         68.46 g 
   5 mM NaCl                                             0.15 g 
   5 mM MgCl2•6H2O                                0.51 g 
   15 mM CaCl2 (AN)                                0.833 g 
   50 mM MES•H2O                                   5.33 g 
           -pH to 6.5 w/ NaOH (start with ~4 medium sized pellets) 
K3 Buffer                                                  500 mL 
    50 mM MES                                          5.3325 g 
    35 mM NaCl                                          1.025 g 
    0.3 M Sucrose                                        51.345 g 
            -pH to 6.0 w/ NaOH (start with ~4 medium sized pellets) 
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Appendix B 
BBY Preparation Protocol 
 
Night before prep: obtain ~4 bunches of spinach (small, soft, smooth leaves with short stems). Remove 
stems and place leaves in plastic bags filled with DI water. Incubate bags at 4˚C overnight. 
BBY Preparation: 
  -use 100 μM ε-ACA and 40 μM PMSF in all buffers throughout prep 
1. Grind leaves with juice maker. Yield should be a total of 1 L. Mix with protease inhibitors while 
grinding. 
2. Filter suspension through 8 layers of synthetic cheese cloth. 
3. Place filtrate into 250 mL centrifuge tubes and spin at 4500 rpm in a JA14 for 1-2 min. at 4˚C 
(3000 Xg). 
4. Collect supernatant and spin at 7500 rpm in a JA14 for 15 min. at 4˚C (8600 Xg). 
5. Resuspend the pellet in a minimal volume of K2 buffer (~ 50 mL) using a brush and homogenizer 
and then determine the [chlorophyll]: mix 995 µL 80% (v/v) acetone and 5 µL of prep in an 
Eppendorf tube, mix thoroughly, and spin in microfuge for 30 sec. Measure OD652 and OD750, 
then calculate [chlorophyll], and dilute to 2.5 mg/mL chlorophyll. 
[Chl] (mg/mL) = ((OD652 – OD750) x optical path length (cm) x 27.8 x D.F. / 1000) 
6. Place suspension in a beaker. Stir slowly (setting ~7-8) with a magnetic stirrer and add Triton X-
100 (20% w/v) slowly along the walls of the beaker until reaching 20 mg Triton X-100: 1 mg Chl. 
The final [Chl] should be ~ 2 mg/mL. Stir for 12 min. and transfer to 42 mL centrifuge tubes. 
(Triton vol. = 1/5 total vol.) 
-detergent eats away at the ends of the grana  
7. Spin in a JA20 at 18,000 rpm for 18 min. at 4˚C. (Note: total time in Triton X-100 should not 
exceed 30 min.) Decant supe: this contains mostly antenna and PSI. (40,000 Xg) 
8. Resuspend pellet in K2 buffer and place in 4, 42 mL centrifuge tubes, filling the rest with K2, and 
spin in a JA20 at 40 000 Xg for 18 min. at 4˚C. 
9. Resuspend the pellets in K3 (try not to resuspend white pellet at bottom, this is starch) and 
place into 2 42 mL centrifuge tubes. Spin at 18,000 rpm in a JA20 for 18 min. at 4˚C. If the supe is 
clear, resuspend the pellet in a minimal volume of K3 (2.5 mg/mL), and freeze at liquid nitrogen 
temperature (77 K). If the supe is not clear, repeat the K3 buffer wash. 
 
Taken from Dismukes group lab protocol binder (DK) 
 Updated April, 7th, 2006 
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Appendix C 
Apo-PSII Prep. for Small Scale Photoactivation 
 
1. Slowly thaw the BBY particles to 0 °C in the dark after removal from the liquid nitrogen 
2. Measure the [Chl a] using the equation: [Chl a]= (A652 - A750) * 27.8*200/1000 
3. Concentrate BBYs to a [Chl a] of 5.25 mg/ml 
4. Add in as many eppendorfs as necessary: 1ml CHES buffer, 200 µL 10mM MgCl2, and 200 µL 
5.25mg/ml BBY 
5. Mix eppendorfs by inversion for 4 min, then quench the reaction by adding the BBY mixture to 
two eppendorfs containing 700 µL of K3 (the two tubes should have 700 µL of K3 and 700 µL of 
BBY mixture, giving you two tubes with 1.4 mL) 
6. Centrifuge the eppendorfs at maximum speed for 60 sec 
7. Decant off the supernatant and discard it in a waste container, then resolublize each pellet in 1 mL 
of K3 and spin for 60 sec 
8. The pellets are washed in 1 mL of K3 3 more times. By the third wash the pellet will likely have 
gotten softer and the supernatant will need to be removed by pipette to avoid pouring out the 
pellet. 
9. After the final wash resolublize the pellet with enough K3 to bring the [Chl] to 2.5 mg/mL 
For testing the APO-BBY activity:  
A sample is prepared with 200 µl CaCl2 (stock 10mM), 100 µL of FeCN (stock 50mM), 5 µL of 
APO-BBY (stock 2.5 mg/mL), and 695 µL of K3 so the final vol. is 1 mL 
For photoactivation: 
 A sample is prepared with 200 µl CaCl2 (stock 10mM), 100 µL of FeCN (stock 50mM), 50 µL of 
MnCl2 (stock 2mM), 50 µL of sodium bicarbonate (stock 20mM), 5 µL of APO-BBY (stock 2.5 
mg/mL), and 595 µL of K3 so the final vol. is 1 mL 
Making CHES buffer: (sucrose and NaCl were not used to make buffer in our experiments)  
50mL 
NaCl                                                     35 mM                                             0.1025g 
Sucrose                                                 0.3 M                                               5.3145g 
CHES                                                    25 mM                                             0.518g 
                                          (bring pH to 9.5 using NaOH) 
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Appendix D 
Schiller and Dau’s results for the pH dependence of water oxidation  
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